INTRODUCTION
The cellular uptake of glucose is facilitated by a family of glucose transporter isoforms, the expression of which is tissuespecific (Bell et al., 1990) . Two glucose transporter isoforms have been identified in adipose tissue and muscle. The GLUT 1 isoform accounts for basal (constitutive) uptake, whereas the insulin-regulated glucose transporter isoform (GLUT 4 ) is responsible for insulin-stimulated glucose uptake. GLUT 4 is the major isoform expressed in these tissues (Koranyi et al., 1990; Kahn et al., 1991) . Both glucose utilization (Issad et al., 1987; and GLUT 4 mRNA (Kahn et al., 1989) have been reported to decrease in adipose tissue during fasting, but, paradoxically, the expression of GLUT 4 mRNA in skeletal muscle does not appear to change in parallel with the changes in glucose utilization observed in vivo: Northern blotting has revealed a 3-fold increase of GLUT 4 mRNA in mixed hindlimb muscle from rats subjected to prolonged h) starvation (Charron & Kahn, 1990) . The interpretation of the latter results, obtained with RNA from a hindlimb preparation containing muscles of different fibre composition, may be complicated by the considerable heterogeneity in the responses of glucose utilization by individual skeletal muscles to starvation and re-feeding (Issad et al., 1987; . Glucose utilization by oxidative working muscles reflects not only the insulin status, but also their energy requirements and the availability of alternative energy substrates to glucose: their rates of glucose utilization are high in the fed state, decline dramatically with starvation [in which state lipid fuels are preferentially utilized (see ] and are rapidly restored to fed values by re-feeding. In contrast, rates of glucose utilization by non-working muscles are low in the fed state, only slightly decreased by 48 h starvation, but substantially increased to values greatly exceeding the fed value within 2-4 h of re-feeding . The augmentation of glucose uptake and phosphorylation by non-working muscles observed after refeeding is thought to be a direct consequence of increased utilization of glucose 6-phosphate for glycogen synthesis (reviewed by Felber et al., 1988; . Thus the maintenance of a relatively high glycogen concentration (which inhibits glycogen synthase) limits the extent to which glucose 231 the responses of glucose transport in these tissues to acute utilization can be stimulated by an increase in insulin (Thiebaud et al., 1982; .
The present study was undertaken to evaluate the regulatory importance ofchanges in GLUT 4 mRNA abundance in directing the concerted changes in glucose uptake and phosphorylation induced in vivo by prolonged (48 h) starvation and acute (2-4 h) chow re-feeding in skeletal muscle and adipose tissue. We have selected for study a non-working skeletal muscle (tibialis anterior), since its glucose utilization rate correlates with changes in insulin-stimulated glucose disposal as glycogen . Changes in GLUT 4 mRNA were also studied in interscapular brown adipose tissue (IBAT) . IBAT exhibits rates of insulin-stimulated glucose disposal which are considerably higher than those of white adipose tissue in the fed state (Cooney & Newsholme, 1982; Ferre et al., 1986) and, whereas glucose utilization by white adipose tissue is only modestly decreased by starvation (Issad et al., 1987) , glucose utilization by IBAT is quite substantially decreased . In addition, re-feeding after prolonged starvation results in rates of glucose utilization by IBAT which greatly exceed (on a wet-weight basis) those of any other tissue of the body .
MATERIALS AND METHODS Materials
Sources of materials for measurements. of glucose utilization are given in Holness et al. (1988) and Oligonucleotide probe specificity
The specificity of the 43-base oligonucleotide probe used to examine GLUT 4 mRNA expression in the present experiments was tested by hybridization to total RNA from specific tissues established to differ in their glucose-transporter-isoform mRNA expression (see Bell et al., 1990; Kahn & Flier, 1990) . Results are shown in Fig. 1 (Fig. 2) . The modest (38.5 %) decline in glucose utilization observed in tibialis anterior after 48 h starvation is consistent with the failure to observe a major effect on GLUT 4 gene expression (Table 1) feeding , there is no quantitative correlation between the significant (7-fold) increase in glucose utilization observed in vivo at both 2 and 4 h after re-feeding and the modest ( < 10 %) increase in GLUT 4 mRNA expression in tibialis anterior (Table 1) .
IBAT. There were clear effects of starvation and re-feeding on GLUT 4 mRNA levels in IBAT (Fig. 3) . GLUT 4 mRNA abundance was decreased (P < 0.001) after starvation for 48 h. The magnitude of the decline in the rate of glucose utilization elicited by starvation (720%; P < 0.05) is greater than that of 4 mRNA expression may contribute to, but are not entirely responsible for, the suppression of brown-fat glucose observed after 48 h starvation. The decrease in GLUT 4 mRNA abundance was not reversed after re-feeding for 2 h (Fig. 3) , despite dramatic (40-fold) increases in glucose utilization to over 10 times the fed value (Table 1) . The starvation-induced decrease in GLUT 4 mRNA abundance was reversed partially by re-feeding for 4 h (to 720% of the fed value), whereas glucose utilization was not further increased (Table 1) . GLUT 4 mRNA levels in IBAT were still below those in controls fed ad libitum after 8 h of re-feeding (results not shown).
Glucose utilization by white adipose tissue
It is of interest to compare the effects of starvation and refeeding on GLUT 4 mRNA abundance and glucose utilization rates in brown adipose tissue and in white adipose tissue. GLUT 4 mRNA expression in epididymal white adipose tissue decreases by 90 % after starvation for 48 h (Sivitz et al., 1989) . GUI values (ng of glucose/min per mg) measured in white adipose tissue in vivo (the present study) were not significantly decreased after 48 h starvation [fed, 2.2 + 0.3 (8); 48 h-starved, 1.8 + 0.4 (3); P > 0.05]. The half-time of recovery of GLUT 4 mRNA in white adipose tissue is 3 h; by 8 h of re-feeding it is about 2-fold greater than in the fed state (Sivitz et al., 1989) . Glucose utilization (the present study) increased by 2.9-fold within 2 h of re-feeding [to 5.3 +0.4 (5) ng/min per mg; P < 0.001 versus starvation]. Thus, as in brown fat, there is a poor relationship between GLUT 4 mRNA abundance and rates of glucose utilization in vivo in white fat.
General discussion
Dramatic variations in glucose transport and disposal by the insulin-sensitive tissues of the body occur during nutritional transitions. The present study was undertaken to assess the regulatory importance of changes in the relative abundance of mRNA coding for GLUT 4 in IBAT and skeletal muscle for the marked changes in glucose utilization evoked in these insulinsensitive tissues by starvation and re-feeding. The study was prompted in part by the finding (Sivitz et al., 1989) of dramatic changes in GLUT 4 mRNA abundance in white adipose tissue in response to changes in the nutritional status. Although we obtained a qualitatively similar pattern of changes in IBAT GLUT 4 mRNA abundance in response to starvation and refeeding to that observed by Sivitz et al. (1989) in white fat, they were far less marked. More importantly, despite a dramatic increase in rates of IBAT glucose utilization after re-feeding, there was no evidence for an overshoot in GLUT 4 mRNA abundance over the fed value in this tissue.
Northern blotting of mRNA from a preparation of mixed gastrocnemius and soleus muscles revealed that starvation for periods in excess of 48 h was associated with a 3-fold induction of GLUT 4 mRNA (Charron & Kahn, 1990) . Re-feeding for 24-48 h restored the mRNA level towards the fed value (Charron & Kahn, 1990) . The relative amount of GLUT 4 glucose transporter protein paralleled the changes in mRNA abundance (Charron & Kahn, 1990 mRNA to facilitate glucose uptake in this non-working muscle, where the major fate of glucose during hyperinsulinaemia is storage as glycogen. Starvation is associated with a decrease in translational efficiency (reviewed by Sugden & Fuller, 1991) ; the possibility is therefore not excluded that acute re-feeding is associated with increased translational efficiency and GLUT 4 protein synthesis. Alternatively, additional regulatory factor(s) influencing rates of glucose utilization by tibialis anterior and other non-working muscles during the starved-to-fed transition may be effects of insulin to promote recruitment and activation of transporters (see below) and/or stimulate glucose utilization at a post-transport site (e.g. glycogen synthase).
Insulin can stimulate glucose uptake by favouring the translocation of glucose transporters from an intracellular pool to the plasma membrane (Cushman & Wardzala, 1980; Wardzala & Jeanrenaud, 1981; Greco-Perotto et al., 1987a,b; Zaninetti et al., 1988) , and by increasing the intrinsic activity of the transporters once they have been translocated to the plasma membrane (revealed by changes in the Hill coefficient and the dissociation constant; for review see Cusin et al., 1990 ). The present study would appear to exclude changes in GLUT 4 transcription as an additional factor in mediating the acute and dramatic response of glucose transport in IBAT and non-working skeletal muscle to physiological hyperinsulinaemia induced by re-feeding.
